Structural Basis for the Recognition of Phosphorylated Histone H3 by the Survivin Subunit of the Chromosomal Passenger Complex  by Jeyaprakash, A. Arockia et al.
Structure
ArticleStructural Basis for the Recognition
of Phosphorylated Histone H3 by the Survivin
Subunit of the Chromosomal Passenger Complex
A. Arockia Jeyaprakash,1,* Claire Basquin,1 Uma Jayachandran,1 and Elena Conti1,*
1Department of Structural Cell Biology, Max-Planck-Institute of Biochemistry, Am Klopferspitz 18, D-82152 Martinsried, Germany
*Correspondence: jeyaprak@biochem.mpg.de (A.A.J.), conti@biochem.mpg.de (E.C.)
DOI 10.1016/j.str.2011.09.002SUMMARY
Localization of the chromosomal passenger complex
(CPC) at centromeres during early mitosis is essen-
tial for accurate chromosome segregation and is
dependent on the phosphorylation of histone H3.
We report the 2.7 A˚ resolution structure of the CPC
subunit Survivin bound to the N-terminal tail of
histone H3 carrying the Thr3 phosphorylation mark
(Thr3ph). The BIR domain of Survivin recognizes
the Ala1-Arg2-Thr3ph-Lys4 sequence, decoding the
modification state and the free N terminus of histone
H3 by a strategy similar to that used by PHD fingers.
The structural analysis permitted the identification
of putative Survivin-binding epitopes in other mitotic
proteins, including human Shugoshin 1. Using
biophysical and structural data, we show that a
phospho-mimic N-terminal sequence such as that
of hSgo1 (Ala1-Lys2-Glu3-Arg4) contains the speci-
ficity determinants to bind Survivin. Our findings
suggest that the CPC engages in mutually exclusive
interactions with other constituents of the mitotic
machinery and a histone mark in chromatin.
INTRODUCTION
During cell division, chromosomes are segregated by symmetric
tension forces that are exerted on the kinetochores of each pair
of sister chromatids. The kinetochore structures that assemble
on the centromeric chromatin capture the microtubules (MTs)
emanating from the two opposite poles of the mitotic spindle
(Cheeseman and Desai, 2008; Santaguida and Musacchio,
2009). The establishment of bi-oriented (amphitelic) kineto-
chore-MT attachments is a stochastic yet accurate process
under normal physiological conditions and is controlled by strin-
gent surveillance mechanisms that detect and resolve aberrant
attachments. A key player in this process is Aurora B, a kinase
that modulates the strength of kinetochore-MT attachments by
differentially phosphorylating components of the kinetochore in
response to tension (Lampson and Cheeseman, 2011). Aurora
B associates with three regulatory subunits (inner centromere
protein [INCENP], Survivin, and Borealin) in a quaternary proteinStructure 19, 1625–16assembly, the chromosomal passenger complex (CPC). The
regulatory subunits of the CPC control the activity of Aurora B
both temporally and spatially, as the complex localizes to
different subcellular structures during mitotic progression: to
the inner centromere during prometaphase, to the central
spindle during metaphase, and to the midbody during cytoki-
nesis (Carmena et al., 2009; Vader et al., 2008).
The CPC can be divided into two structural modules. The
phosphorylation module consists of Aurora B and its activator,
the C-terminal region of INCENP (the so-called IN-box) (Sessa
et al., 2005). The localization module consists of Survivin, Borea-
lin, and the N-terminal region of INCENP (Jeyaprakash et al.,
2007). The interaction of the three regulatory proteins forms
a triple helical bundle that is tightly packed against the baculovi-
rus inhibitor of apoptosis repeat (BIR) domain of Survivin and is
loosely connected to the C-terminal domain of Borealin. The
triple helical bundle forms a platform with a composite surface
that is essential for spindle and midbody localization, while the
C-terminal domain of Borealin and the BIR domain of Survivin
mediate localization to the inner centromere (Jeyaprakash
et al., 2007; Lens et al., 2006; Song et al., 2004). The structure
of the CPC complex is such that the elements that mediate
centromeric localization are at one end of the helical bundle,
and the kinase module is at the opposite end, connected by
a long linker (the central region of INCENP). It thus appears
that the CPC is anchored to the centromere via one end of the
complex and elicits kinase activity at the other end, across a
relatively long distance.
Recent work has shed light on how the CPC is anchored at
phosphorylation marks present on histones in centromeric chro-
matin (Buscaino et al., 2010; Musacchio, 2010). In humans
and flies, the centromere includes blocks of nucleosomes that
contain canonical histone H3 and blocks of nucleosomes
that contain the histone H3 variant CENP-A, onto which the
inner layer of the kinetochore is built (Santaguida and Musac-
chio, 2009). Phosphorylation of Thr3 in the N-terminal tail of
histone H3 by the mitotic kinase Haspin creates an epitope
that is recognized by the BIR domain of Survivin (Kelly et al.,
2010; Wang et al., 2010; Yamagishi et al., 2010). In addition,
phosphorylation of histone H2A by the mitotic kinase Bub1
creates a binding site for an adaptor molecule, Shugoshin 1,
which in turn binds Borealin (Yamagishi et al., 2010; Tsukahara
et al., 2010). An overall similar network of interactions is
conserved in fission yeast, although in this case both recruitment
pathways seem to converge on the Survivin homolog (Bir1)34, November 9, 2011 ª2011 Elsevier Ltd All rights reserved 1625
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Structures of Survivin-histone H3/hSgo1 peptides(Yamagishi et al., 2010). In this study, we have determined the
structural basis for the specific recognition of the phosphory-
lated N terminus of histone H3 by the Survivin subunit of the
CPC. Using this structural information, we identified the N
terminus of othermitotic proteins as epitopes that can potentially
be recognized by the BIR domain of Survivin. We determined
the structure of Survivin bound to one such epitope, the N
terminus of human Shugoshin1 (hSgo1). This work suggests
a framework where the CPC, through the BIR domain of Survivin,
might engage inmutually exclusive interactions with a posttrans-
lational histone modification in centromeric chromatin and
components of the machinery involved in mitotic progression.
RESULTS AND DISCUSSION
Previous studies using pull-down assays, fluorescence anisot-
ropy, and NMR chemical shift perturbations have identified the
BIR domain of Survivin as the binding site for the N-terminal
tail of histone H3, phosphorylated at Thr3 (Kelly et al., 2010;
Wang et al., 2010; Yamagishi et al., 2010). We first addressed
whether other subunits of the CPC contribute additional interac-
tions to the phosphorylated histone H3 tail by comparing binding
affinities of human Survivin alone and when present within the
CPC core. Binding was studied by means of fluorescence
anisotropy using a fluorescein-labeled histone H3 peptide phos-
phorylated at Thr3 (H3-T3ph). Human Survivin bound to this
peptide with a KD of 1 mM (Figure 1A, green curve), which is
comparable to the value previously reported for Xenopus
Survivin (Wang et al., 2010). Binding to the CPC core resulted
only in a marginal change in affinity (KD of 0.6 mM, Figure 1A,
black curve), indicating that Survivin contains essentially all the
binding determinants for H3-T3ph. Interestingly, we could not
detect binding when using the same peptide labeled with
fluorescein at theN terminus instead of theC terminus (Figure 1A,
red curve). This suggests that features in the proximity of the
free N terminus of the histone H3 are crucial for the interaction.
We crystallized full-length human Survivin (residues 1–142)
in complex with the unlabeled H3-T3ph tail (residues 1–21) in
two crystal forms: a C2 crystal form containing two complexes
in the asymmetric unit and an I222 crystal form containing
one complex in the asymmetric unit. The two models were
refined to 2.8 and 2.7 A˚ resolution, with Rfree values of 26.8%
and 26%, respectively (Table 1). The structures are almost
identical: they contain residues 5–140 of Survivin and residues
1–4 of the H3 peptide, and they superpose with a root-mean-
square deviation (rmsd) of 0.4 A˚ over all a-carbon atoms (see
Figure S1A available online). The C2 crystal form shows weak
additional electron density for the main chain of residues 5–6
of H3-T3ph, but no ordered electron density is present for the
side chains of these residues. The rest of the H3 peptide we
used in crystallization has no ordered electron density. In the
following, we describe the structure of the C2 crystal form.
Overall Structure of Survivin Bound to the N-Terminal
Tail of Histone H3
The structure of Survivin has been described previously (Chanta-
lat et al., 2000; Jeyaprakash et al., 2007; Muchmore et al., 2000).
In brief, it consists of two interconnected structural elements: the
N-terminal BIR domain (a globular a/b structure whose fold is1626 Structure 19, 1625–1634, November 9, 2011 ª2011 Elsevier Ltdmaintained by a structural zinc ion) and a 60 A˚ long C-terminal
a helix (Figure 1B). Half of the C-terminal helix packs against
the BIR domain with extensive hydrophobic interactions, while
the other half extends into solvent. The overall conformations of
Survivin in complex with H3-T3ph and within the CPC are similar
(Figure S1B). The only significant difference is a 10 degree bend
in the exposed portion of the C-terminal helix, while the rest of
Survivin can be superimposedwith an rmsd of 0.5 A˚ (Figure S1B).
As already noted in the structure of the CPC (Jeyaprakash
et al., 2007), the surface of the BIR domain displays a prominent
patch of conserved negatively charged residues centered at
Asp53 and Asp70-Asp71 (Figure 1B). This surface had been
implicated in H3-T3ph binding in vitro by mutagenesis studies
and by NMR mapping (Wang et al., 2010; Kelly et al., 2010).
Mutation of Asp70Ala/Asp71Ala has also been shown to abolish
the centromeric localization of the CPC in vivo (Wang et al.,
2010). Our structure reveals that this is indeed the site where
the four N-terminal residues of the H3-T3ph tail bind in an
extended conformation (Figure 1B). The main chain of the
following two residues in the C2 crystal form extends from the
BIR domain toward the exposed portion of the C-terminal helix,
suggesting how a conformational change in this area might lead
to the small increase in binding affinity we detected in the context
of the CPC (Figure 1A).
Specific Readout of Phosphorylated Histone H3
by the BIR Domain of Survivin
The Ala1-Arg2-Thr3ph-Lys4 residues of histone H3 bind the BIR
domain of Survivin at a site surrounded by ten negatively
charged residues. Counterintuitively, the absence of the nega-
tively charged phosphate on Thr3 of H3 strongly diminishes
the interaction with Survivin (Kelly et al., 2010; Wang et al.,
2010). The structure shows that Thr3ph of H3 docks onto a small
positively charged area of Survivin localized between the side
chains of Lys62 and His80, whose nitrogen atoms are at
hydrogen-bonding distance from the oxygen atoms of the
phosphate group (Figure 2A). Other elements of the H3-T3ph
tail are recognized in the negatively charged areas of Survivin
(Figure 2A, right panel). The free H3 N-terminus directly contacts
the carboxylate groups of Asp71 and Glu76 (Figure 2A, left
panel). The side chain of H3-Arg2 protrudes into solvent and is
mostly disordered, but in one molecule of the asymmetric unit,
we observe electron density for the guanidinium group pointing
toward Asp53. The positively-charged amino group of the
H3-Lys4 side chain contacts the carboxyl groups of Glu51 and
Glu63. Finally, the backbone of the H3 peptide forms main-chain
hydrogen bonds, particularly betweenH3-Lys4 andGlu65. Other
negatively-charged residues of Survivin (Asp70, Asp72, Glu75,
and Glu49) line the edge of the peptide-binding surface and
might contribute to the electrostatic environment onto which
H3-T3ph docks, although they are not involved in direct
contacts. Hydrophobic interactions also participate in the recog-
nition. The aliphatic portion of the H3-Lys4 side chain is in van
der Waals contact with Leu54. Most importantly, the side chain
of H3-Ala1 is inserted into a shallow hydrophobic pocket formed
by Leu64 and Trp67. Residues of Survivin that mediate contact
with the phosphorylated H3 tail are typically conserved across
vertebrates (Figure 2B). In the following, we will refer to the spec-
ificity pockets of the four N-terminal H3 residues as S1 to S4.All rights reserved
Figure 1. Survivin Mediates the Interaction of the CPC with Phosphorylated Histone H3
(A) Quantitative measurements of the H3-T3ph binding affinities of Survivin and the CPC in solution by fluorescence anisotropy. The data were fitted to a binding
equation describing a single-site binding model to obtain the dissociation constants (KD). The KD values and their corresponding errors are the means and
standard deviations of three independent experiments. H3-T3ph fluorescently labeled at the C terminus (H3-T3ph-fl) bound Survivin and the CPC with similar
affinities. H3-T3ph with fluorescein at the N terminus (fl-H3-T3ph) failed to interact with Survivin.
(B) The left panel shows the overall structure of Survivin with H3-T3ph bound at the BIR domain (C2 crystal form). The 2fo-fc map contoured at 1s shows the
electron density for the N-terminal four residues of H3 (Ala1-Arg3-Thr3ph-Lys4). Weak electron density is seen for the main-chain atoms of Gln5 and Thr6. In
the right panel is the crystal structure of the CPC core determined earlier in this laboratory (Jeyaprakash et al., 2007), shown in the same orientation as Survivin
in the left panel. Borealin and INCENP interact with Survivin on the opposite side of the histone H3 binding site. (See also Figure S1.)
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Structures of Survivin-histone H3/hSgo1 peptidesParallels in the Recognition of N-Terminal Sequences:
The Histone Perspective
The N-terminal residues of histone H3 are a hot spot for
posttranslational modifications: while Thr3 and Ser10 are phos-
phorylated in mitosis, Arg2 (H3-Arg2) and Lys4 (H3-Lys4) are
methylated in connection with transcriptional regulation (DornStructure 19, 1625–16and Cook, 2011; Eissenberg and Shilatifard, 2010). The decod-
ing of these modifications is generally carried out by plant home-
odomain (PHD) fingers, small zinc-binding domains that can
discriminate the methylation state of H3-Lys4 and to a lesser
extent of H3-Arg2 (Sanchez and Zhou, 2011). The bromodomain
PHD finger transcription factor and the inhibitor of growth34, November 9, 2011 ª2011 Elsevier Ltd All rights reserved 1627
Table 1. Data Collection and Structure Refinement Statistics of
Survivin-H3-T3ph Complex
Data Collection
Space group C2 I222
Unit cell (A˚) a = 114.36 a = 68.46
b = 70.90 b = 68.23
c = 81.46 c = 89.97
b = 129.0
Resolution range (A˚)a 63.2–2.8 (2.95–2.8) 54.5–2.7 (2.9–2.7)
Unique reflectionsa 12491 (1739) 5652 (709)
Completeness (%)a 99.4 (96.1) 98.0 (87.7)
I/s(I)a 12.1 (2.1) 14.8 (2.2)
Rmerge
a 6.8 (62.5) 7.4 (63)
Rpim
a 3.7 (33.7) 3.3 (36.7)
Multiplicitya 4.3 (4.3) 5.6 (3.5)
Refinement
Rwork (%) 19.8 21.8
Rfree (%) 26.8 26.0
Rmsd bond (A˚) 0.006 0.004
Rmsd angle () 1.0 0.77
Ramachandran values
Favored region (%) 92.8 96.2
Allowed region (%) 99.6 100
a Values in parentheses correspond to the highest-resolution shell.
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Structures of Survivin-histone H3/hSgo1 peptidesproteins, for example, feature the so-called aromatic cage,
a hydrophobic pocket that recognizes trimethylated H3-Lys4
(Hung et al., 2009; Li et al., 2007; Palacios et al., 2008; Pen˜a
et al., 2006). In the BRAF35-HDAC complex protein (BHC80),
the corresponding pocket is lined by acidic residues and binds
unmethylated H3-Lys4 (Figure 3A) (Lan et al., 2007). Despite
the different overall structures, the BIR domain of Survivin and
PHD finger domains bind the main chain of histone H3 by
packing it against two b strands that are stabilized by a zinc
ion in proximity to the H3-Lys4 binding site (Figure 4).The
secondary structure elements near the H3-Ala1 binding site
differ, but in both domains they create an S1 pocket that recog-
nizes the free amino group and the small hydrophobic side chain
of this N-terminal residue (Figure 3A). The surface features of the
S2 and S4 pockets of the Survivin BIR domain are similar to
those used by the BHC80 PHD finger to recognize unmethylated
H3-Arg2 and H3-Lys4 (Figure 3A). The major difference between
the two H3-bound structures is at the S3 pocket, which is hydro-
phobic in BHC80 PHD and positively charged in Survivin
(compare Figures 2A and 3A). The structural comparison shows
that PHD fingers and the Survivin BIR domain use a common
mode of N-terminal sequence recognition at the S1 pocket and
achieve specificity for posttranslational modification within the
H3 tail through variations in the chemical and geometrical
features at the S2, S3, and S4 pockets.
Parallels in the Recognition of N-Terminal Sequences:
The BIR Perspective
BIR domains are characteristic of inhibitors of apoptosis pro-
teins (IAP), which prevent cell death by binding and inhibiting1628 Structure 19, 1625–1634, November 9, 2011 ª2011 Elsevier Ltdcaspases (Dubrez-Daloz et al., 2008; Srinivasula and Ashwell,
2008). X-linked IAP (XIAP) binds caspase-9, for example,
sequestering it in an inactive conformation (Shiozaki et al.,
2003; Srinivasula and Ashwell, 2008). The inhibition is relieved
by Smac/Diablo, a death-signaling protein that displaces the
caspase by competing for the same binding site on XIAP (Chai
et al., 2001; Liu et al., 2000; Shiozaki et al., 2003; Wu et al.,
2000). Structural studies have shown how these mutually
exclusive interactions are mediated by binding of the N-terminal
tetrapeptides of caspase-9 (Ala1-Thr2-Pro3-Phe4) and of Smac/
Diablo (Ala1-Val2-Pro3-Ile4) to a conserved site on the BIR
domain (Liu et al., 2000; Shiozaki et al., 2003; Wu et al., 2000).
The interaction of Survivin with the N-terminal tetrapeptide of
H3-T3ph occurs at the equivalent surface (Figure 3A). The recog-
nition of the N-terminal Ala residue in the S1 pocket is essentially
identical (Figure 3B; Figure S2). Differences in the residues that
line the S2, S3, and S4 pockets in Survivin and XIAP account
for the different sequences that are recognized at these sites,
polar in the case of histone H3 and hydrophobic in the case of
the IAP-binding motifs (Figure 3B; Figure S2). The question
arises whether other IAP proteins might also recognize phos-
phorylated epitopes. We analyzed the sequences of IAP BIR
domains for the presence of compatible positively-charged
amino acids at the positions corresponding to the two phos-
phate-binding residues in the S3 pocket of Survivin. While
some of the BIR domains feature a His at the equivalent position
of Survivin His80, all the BIR domains we analyzed contain a Gly
or a hydrophobic residue at the corresponding position of
Survivin Lys62 (Figure 3C). Thus, Survivin appears to possess
a specialized BIR domain for the recognition of a negatively
charged phosphate in the S3 pocket.
Survivin-Binding Motifs Are Present in Different
Proteins Involved in Mitotic Regulation
Given the precedent of multiple, mutually exclusive BIR-binding
motifs in the apoptosis pathway, we searched the sequence
databases for proteins with an N-terminal tetrapeptide matching
the profile of the phosphorylated histone H3 tail. Specifically, we
used PROSITE (http://expasy.org/prosite) and constrained the
search for proteins having an N-terminal Ala residue (S1 pocket),
followed by a variable residue (S2 pocket), a Ser/Thr residue or
an Asp/Glu phospho-mimic residue (S3 pocket), and a Lys/Arg
residue (S4 pocket). We evaluated the hits according to two
additional criteria: possible functional links to themitotic process
and the evolutionary conservation of these sequences in verte-
brates (Figure 5A). The top hit containing a Ser residue at the
S3 position is a regulator of sister chromatid cohesion (Pds5B)
(Losada et al., 2005; Panizza et al., 2000; Shintomi and Hirano,
2009). The ubiquitin-conjugating enzyme E2 L3 (UbcH7) is
another interesting hit, given the finding that ubiquitination
promotes the association of Survivin with centromeres during
early mitosis and the dissociation at later mitotic stages (Maerki
et al., 2010; Vong et al., 2005). The top hit containing a phospho-
mimic residue at the S3 position is hSgo1, a critical player in
sister chromatid cohesion in meiosis and an interacting partner
of the CPC in mitosis (Kawashima et al., 2007; Tsukahara
et al., 2010; Yamagishi et al., 2010). Another compelling candi-
date is PP1R7/Sds22, a regulatory subunit of protein phospha-
tase 1, a histone H3 phosphatase that has been reported toAll rights reserved
Figure 2. The Four N-Terminal Amino Acids of H3-T3ph Interact with Specific Pockets on the Survivin BIR Domain
(A) The left panel shows a zoomed-in view of the BIR domain of Survivin bound to H3-T3ph. The right panel shows the electrostatic potential of the solvent-
accessible surface of Survivin with the bound H3-T3ph (stick representation).
(B) Structure-based sequence alignment of Survivin (Hs, Homo sapiens; Mm, Mus musculus; Xl, Xenopus laeveis; Dr, Danio rerio) with details of the secondary
structural elements and with the residues involved in H3-T3ph recognition (indicated with dots).
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Structures of Survivin-histone H3/hSgo1 peptidescounteract the Haspin kinase in mitosis (Qian et al., 2011).
The small ubiquitin-like modifiers Sumo2 and Sumo4 are also
interesting hits, given the reported sumoylation of Borealin
(Klein et al., 2009) and Aurora B (Ferna´ndez-Miranda et al.,
2010). Other proteins that are implicated in Aurora B function
contain ambiguous N-terminal tetrapeptides, including MCAK
(Ala1-Met2-Asp3-Ser4) and Haspin (Ala1-Ala2-Ser3-Leu4).
To test whether sequences with a phospho-mimic residue at
the S3 position are in principle able to bind Survivin, we selected
a peptide corresponding to the hSgo1 sequence and carried out
binding studies by fluorescence anisotropy. The hSgo1 peptide
interacted with Survivin with a KD of 6.2 mM (Figure 5B), a value
comparable to that measured with the phosphorylated histone
H3 tail. Next, we crystallized and solved the structure of Survivin
bound to the hSgo1 peptide at 2.6 A˚ resolution (Table 2). The
mode of recognition of the Ala1-Lys2-Glu3-Arg4 peptide of
hSgo1 is very similar to that of the Ala1-Arg2-Thr3ph-Lys4
peptide of histone H3 (Figure 5C; Figure S3). hSgo1-Ala1 inserts
into the S1 pocket. The hSgo1-Lys2 side chain is mostly disor-
dered. hSgo1-Glu3 fits into the S3 pocket, with the carboxylate
group interacting with Lys62 of Survivin, but without contacting
His80. hSgo1-Arg4 fits into the S4 pocket and interacts with
Glu51 and Glu63 of Survivin. We conclude that proteins
with an N-terminal phosphorylated A-X-S/T-R/K sequence orStructure 19, 1625–16with an N-terminal phospho-mimic A-X-D/E-R/K sequence are
in principle able to bind Survivin and hence the CPC when in
the appropriate context.
Conclusions
Binding of Survivin to the phosphorylated form of the histone
H3 N-terminus plays a crucial role in the recruitment of the
CPC, and hence of Aurora B, to centromeric chromatin (Kelly
et al., 2010; Wang et al., 2010; Yamagishi et al., 2010). Here,
structural analyses show that the BIR domain of Survivin
presents an accessible and preformed binding site to recognize
H3-T3ph. Survivin thus appears to be a rather rigid scaffold both
for assembling the core of the CPC (Jeyaprakash et al., 2007)
and for docking to nucleosomes via H3-T3ph tails. The mecha-
nism by which the BIR domain of Survivin binds the N-terminal
tail of histone H3 is conceptually similar to the mechanism
used by PHD fingers. The N-terminal tetrapeptide of histone
H3 binds to a zinc finger motif that is a common structural
feature of both folds. Affinity and specificity for this recognition
come from anchoring the N-terminal Ala residue of H3 in
a shallow hydrophobic pocket, whereas fine-tuning by the
adjacent pockets permits decoding of the presence or absence
of posttranslational modifications on H3-Thr3 and possibly on
H3-Lys4 and/or H3-Arg2. An overall similar mode of binding is34, November 9, 2011 ª2011 Elsevier Ltd All rights reserved 1629
Figure 3. The PHD Finger and BIR Domains Share a Common Mode of Recognition of N-Terminal Sequence Motifs
(A) Structural superposition of the Survivin BIR domain bound to H3-T3ph with the BHC80 PHD finger domain bound to unmodified histone H3 peptide (Ala1-
Arg2-Thr3-Lys4) (in gray; left panel) and the electrostatic surface potential of the BHC80 PHD finger domain (right panel).
(B) Structural superposition of the Survivin BIR domain with the XIAP-BIR3 domain bound to the Smac/Diablo peptide Ala1-Val2-Pro3-Ile4 (left panel) and
electrostatic surface potential of the XIAP BIR3 domain (right panel). (See also Figure S2.)
(C) Sequence alignment of BIR domains from Survivin, cellular inhibitor of apoptosis-1 (cIAP1) and -2 (cIAP2), XIAP, and inhibitor of apoptosis-like protein-2
(IPL2). Amino acid residues that form the S3 and S4 pockets are marked by red triangles.
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Structures of Survivin-histone H3/hSgo1 peptidesshared by BIR domains of proteins involved in apoptosis,
although these proteins generally recognize apolar sequences
in their binding substrates. This mode of recognition requires
the removal of the N-terminal Met by aminopeptidases, enzymes
that are particularly active on newly synthesized polypeptides
with a Met-Ala sequence emerging from the ribosome (Xiao1630 Structure 19, 1625–1634, November 9, 2011 ª2011 Elsevier Ltdet al., 2010). The specificity rules of this processing step thus
correlate well with the specificities of binding to BIR and PHD
finger domains.
In contrast to canonical histone H3, the centromeric-specific
histone H3 variant CENP-A does not contain a Survivin-binding
sequence. The assembly of kinetochores on centromericAll rights reserved
Figure 4. The PHD Finger and BIR Domains Use a Similar Local Fold
to Recognize N-Terminal Sequences
The structures of the BHC80 PHD finger (top panel), Survivin-BIR (center
panel), and XIAP-BIR3 (bottom panel) domains bound to unmodified histone
Structure
Structures of Survivin-histone H3/hSgo1 peptides
Structure 19, 1625–16chromatin and mitotic progression are complex processes
involving many factors and intricate interaction networks (Santa-
guida and Musacchio, 2009). A possibility raised by the crystal
structure of Survivin-H3-T3ph is that Survivin-binding epitopes
are also present in other mitotic proteins with either a Ser/Thr
or a phospho-mimic Asp/Glu residue at the equivalent position
of H3-Thr3. Putative candidates include hSgo1, a regulatory
subunit of protein phosphatase 1, and a sister chromatid cohe-
sion regulator (Pds5B). We have tested whether a sequence
with a phospho-mimic residue is able to bind Survivin, and we
solved the crystal structure of Survivin in the presence of the
hSgo1 N-terminal tail. Whether and when the interaction
between the N terminus of hSgo1 and Survivin occurs in vivo is
unclear. We note that this interaction is in principle not inconsis-
tent with previous reports showing that the coiled-coil region of
hSgo1 interacts with Borealin (Yamagishi et al., 2010; Tsukahara
et al., 2010), as a secondary attachment via a different part of
hSgo1 might reinforce the contact with the CPC. Previous
work has also shown that interactions of CPC with both hSgo1
and histone H3 are essential for its localization at centromeres
(Yamagishi et al., 2010), while the structural analysis suggests
that in the appropriate circumstances they might be competitive
binders. One possibility is that consecutive interactions of
Survivin with the N-terminal tails of hSgo1 and histone H3 might
exist to ensure the timely localization and/or dissociation of
the CPC at centromeres.
The finding that the BIR domain is not dedicated only to
histone H3-T3ph binding has several implications. First, muta-
tion of the conserved, negatively-charged surface residues on
the BIR domain of Survivin may result in pleiotropic effects
because interactions with multiple factors may be affected.
Second, the critical contact of the Survivin BIR domain with
the N-terminal Ala in histone H3 implies that modifications at
the N-terminal a-amino group of Survivin-binding partners
(e.g., acetylation or affinity tags in biochemical studies) are likely
to affect the interaction or completely abrogate it. Finally, the
possibility of mutually exclusive interactions of the Survivin BIR
domain with different cell-cycle regulated ligands opens a new
layer of complexity in the quest to understand the regulation of
the CPC.EXPERIMENTAL PROCEDURES
Crystallization and Data Collection
Human Survivin and the human CPC core were purified as reported earlier
(Jeyaprakash et al., 2007). Survivin-H3-T3ph and Survivin-hSgo1 complexes
were formed by incubating Survivin with a molar excess of H3-T3ph
peptide (H-ART(PO3H2)KQTARKSTGGKAPRKQLA-NH2) and hSgo1 peptide
(H-AKERCGSGK-NH2), respectively. The complexes were purified using
size-exclusion chromatography and confirmed by mass spectrometry.
Crystals of the Survivin-H3-T3ph complex obtained using 0.1 M MES pH 6
and 18%(w/v) PEG 4000 belonged to a C2 space group with two molecules
in the asymmetric unit. Crystals obtained using 100 mM Tris pH 8.5,
200 mM LiSO4 and 40%(v/v) PEG 400 belonged to an I222 space group with
onemolecule in the asymmetric unit. Crystals of Survivin-hSgo1were obtained
in 100 mM Tris pH 8, 200 mM NaCl, and 20%(w/v) PEG 6000. All crystalsH3, H3-T3ph, and Smac/Diablo peptides, respectively, are shown in the same
orientation. The N-terminal sequence recognition site is located between two
antiparallel b strands and a loop (in PHD domain) or a helix (in BIR domain).
34, November 9, 2011 ª2011 Elsevier Ltd All rights reserved 1631
Table 2. Data Collection and Structure Refinement Statistics of
Survivin Bound to the N-Terminal Peptide of hSgo1
Data Collection
Space group C2
Unit cell (A˚) a = 113.65
b = 70.51
c = 82.38
b = 131.8
Resolution range (A˚)a 42.4–2.6 (2.75–2.6)
Unique reflectionsa 14834 (2043)
Completeness (%)a 99.0 (94.0)
I/ s(I)a 16.5 (2.4)
Rmerge
a 4.8 (55.4)
Rpim
a 2.3 (26.8)
Multiplicitya 5.0 (5.0)
Refinement
Rwork (%) 20.4
Rfree (%) 25.2
Rmsd bond (A˚) 0.008
Rmsd angle () 1.11
Ramachandran values
Favored region (%) 94.5
Allowed region (%) 99.6
a Values in parentheses correspond to the highest-resolution shell.
Figure 5. The Survivin-Binding Epitope Is Present in Several
Proteins Involved in Mitosis
(A) Proteins with the N-terminal sequence similar to the histone H3 tail, with
either a Ser/Thr residue or a phospho-mimic Asp/Glu residue at the S3
position. The sequence alignments include orthologs from Hs, Homo sapiens;
Xl, Xenopus laevis; Dr, Danio rerio; and Tn, Tetraodon nigroviridis.
(B) Quantitative measurement of the binding affinity of Survivin and the CPC
with one of the phospho-mimic sequences in (A), hSgo1. The experiments
were carried out as detailed in Figure 1A.
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1632 Structure 19, 1625–1634, November 9, 2011 ª2011 Elsevier Ltddiffracted to around 2.7 A˚ resolution at the PXII beamline at the Swiss Light
Source, Villigen, Switzerland (Tables 1 and 2).
Structure Determination and Analysis
Data were processed with XDS (Kabsch, 2010) and scaled using SCALA of
CCP4 (CCP4, 1994). Structures were determined by molecular replacement
with the program PHASER (McCoy et al., 2007) using the structure of Survivin
as a search model (PDB ID: 2QFA). Refinement was carried out with the
PHENIX suite of programs (Adams et al., 2010). Model building and structural
superpositions were done using COOT (Emsley and Cowtan, 2004). Figures
were prepared using PyMOL (http://www.pymol.org).
Fluorescence Anisotropy
Fluorescence anisotropy measurements were performed with synthetic
H3-T3ph peptides ART(PO3H2)KQGSGK-(fl)-NH2 and fl-GSGART(PO3H2)
KQ-NH2, and with the hSgo1 peptide AKERCGSG(fl)-NH2 (where fl stands
for fluorescein) in 50 ml reactions on a Genios Pro (Tecan). Peptides were
dissolved to a concentration of 10–15 nM and incubated with varying concen-
trations of Survivin/CPC core in a buffer containing 20 mM HEPES pH 7.5,
50 mM NaCl, and 5 mM DTT at 4C for 2 h followed by 20C for 15 min. The
excitation and emission wavelengths were 485 and 535 nm, respectively.
Each titration point was measured three times using ten readings with an
integration time of 40 ms. The data were analyzed by nonlinear regression
fitting using the BIOEQS software (Royer, 1993).
Data Deposition
The coordinates and the structure factors have been deposited in the Protein
Data Bank with accession codes 4A0J and R4A0JSF (Survivin-histone(C) Structure of Survivin bound to the hSgo1 peptide. The close-up view shows
the BIR domain of Survivin with the 2.6 A˚ resolution electron density for the
bound hSgo1 peptide (2fo-fc map contoured at 1s). The overall recognition of
the hSgo1 peptide by Survivin is very similar to that of H3-T3ph (Figure 2A;
Figure S3).
All rights reserved
Structure
Structures of Survivin-histone H3/hSgo1 peptidesH3 peptide C2 form); 4A0N and R4A0NSF (Survivin-histone H3 peptide
I222 form); and 4A0I and R4A0ISF (Survivin-Shugoshin 1 peptide).
SUPPLEMENTAL INFORMATION
Supplemental Information include three figures and can be found with this
article online at doi:10.1016/j.str.2011.09.002.
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